Published data for large amplitude asymptotic giant branch variables in the Large Magellanic Cloud are re-analysed to establish the constants for an infrared (K) periodluminosity relation of the form: M K = ρ[log P − 2.38] + δ. A slope of ρ = −3.51 ± 0.20 and a zero point of δ = −7.15 ± 0.06 are found for oxygen-rich Miras (if a distance modulus of 18.39 ± 0.05 is used for the LMC). Assuming this slope is applicable to Galactic Miras we discuss the zero-point for these stars using the revised Hipparcos parallaxes together with published VLBI parallaxes for OH Masers and Miras in Globular Clusters. These result in a mean zero-point of δ = −7.25±0.07 for O-rich Galactic Miras. The zero-point for Miras in the Galactic Bulge is not significantly different from this value.
INTRODUCTION
Large amplitude Asymptotic Giant Branch (AGB) variables (Miras) are important distance indicators for old and intermediate age populations. They are luminous, both bolometrically and in the near-infrared, and easily identified by their late spectral types (Me, Ce, Se or very rarely Ke), large amplitudes (∆V > 2.5 mag, ∆K > 0.4 mag) and long periods (100 < ∼ P < ∼ 1000). The increasing use of adaptive optics on large telescopes at near-infrared wavelengths to study stellar populations (e.g. Da Costa 2004) at large distances will require confidence in the calibration of the AGB variables as distance indicators. Alternatively, if the distance is known the luminosities of the brightest AGB stars provide insight into the intermediate age populations, e.g. Menzies et al. (2008) . Wood et al. (1999) demonstrated that, within the LMC, AGB variables fall on a series of, approximately parallel, period-luminosity (PL) relations at K, (see also Cioni et al. 2001 , Ita et al. 2004 , Fraser et al. 2005 , Soszyǹski et al. 2007 . The large amplitude variables, i.e. the Miras, however, lie only on a singe PL(K) relation. The existence of a Mira PL(K) relation has been known for some while (Feast et al. 1989; Hughes & Wood 1990 ) and is now generally thought to represent the relation for fundamental pulsation. While some of the low amplitude variables also pulsate in the fundamental, others show various overtones. Low amplitude variables are of limited use for distance scale studies as it is not simple to establish upon which of the various PL relations they lie. Complications do arise at periods in excess of about 400 d where some Miras in the LMC have higher luminosities, possibly as a consequence of hot bottom burning (e.g. Whitelock et al. 2003) . Feast (2004) provides a recent discussion of AGB stars as distance indicators and of the zero-point of the PL relation.
Following a brief re-examination of the Mira PL(K) relation in the LMC, we take advantage of the new analysis of the Hipparcos data (van Leeuwen 2007a and 2007b , see also van Leeuwen 2005 and van Leeuwen & Fantino 2005 to re-examine the distance scale for large amplitude AGB variables within the Galaxy. Analysis of the original Hipparcos data was discussed by van Leeuwen et al. (1997) , Whitelock & Feast (2000 -henceforth Paper I) and Knapp et al. (2003) .
In the last part of this paper we put together all the available information on Mira parallaxes to establish the best value for the zero-point of the Mira PL(K) relation for the Galaxy and compare this with values for elsewhere. Table 2 assuming a distance modulus for the LMC of 18.39 mag, while the dotted line is the relation for C-stars. Table 1 lists the data for the LMC stars, with periods less than 420 d, which we use here to establish the PL(K) relation. The starting point is the material from Feast et al. (1989) for large amplitude variables with multiple observations. This is modified in light of Glass & Lloyd Evans (2003) who used MACHO data to refine the periods for the same group of stars and to eliminate three of them (W19, W30, W46) as semi-regular (SR), rather than Mira, variables. To this is added the observations from Whitelock et al. (2003) for three new O-rich and four C-rich Miras within our period range, as well as additional material for two O-rich stars (R105, 0517-6551) already in the sample. The changes introduced by the two 2003 papers are minor and this data-set is only marginally different from that used by Feast et al. (1989) .
THE LMC PL(K) RELATION
Twenty nine M-type Miras together with one S-type and one K-type Mira are analysed together as O-rich stars. An interstellar extinction correction of AK = 0.02 mag (Feast et al. 1989 ) was applied to the data in Table 1 . The PL(K) relation is fitted in the form:
Where MK is the absolute K mag, P the pulsation period of the Mira and δ the zero-point of the PL(K) relation, which has a slope ρ. In previous work, by ourselves and others, zero-points have been derived at log P = 0, far outside the range of Mira periods. The distance modulus of the LMC is taken to be (m − M )LMC = 18.39 ± 0.05 (van Leeuwen et al. 2007 ) Table 2 lists the values of the slope and zero-point found by least squares fitting separately to the O-rich stars and to the C-rich stars as well as to both groups together; σ is the standard deveation of the best fit. The results are illustrated in Fig. 1 . There is no significant difference in the slope determined for the O-and C-rich Miras. If we use the slope found for the O-rich sample and apply it to the Crich sample we find a zero point of δ + (m − M )LMC = 11.148 ± 0.032. Thus the difference between the zero-points for the C-and O-rich Miras is 0.093 ± 0.041.
The slope determined above for the LMC O-rich Miras,
i.e. ρ = −3.51 ± 0.20 can be compared with the value of −3.59 ± 0.06 obtained by Ita et al. (2004) for LMC stars close to PL(K) sequence C and selected by colour to be Orich. While the error shows this number is well defined, Ita et al. include some low amplitude, i.e. non-Mira, variables in the fit. Furthermore, it seems tautological to define the PL relation in terms of stars that were selected because they fell on sequence C. Rejkuba (2004) found a very similar slope, −3.37 ± 0.11, for colour selected Miras in Cen A, supporting the assumption that this PL(K) relation is universal.
THE REVISED HIPPARCOS SAMPLE AND ASSOCIATED DATA
Of the sample selected in Paper I there are astrometric data in the revised Hipparcos catalogue (van Leeuwen 2007) for 184 O-rich Miras, 15 O-rich semi-regulars and 40 C-rich variables. In Paper I a number of non-Mira variables were included in the selection on the basis of their spectra, which were Mira-like in that they showed the emission lines that are characteristic of the shock waves associated with pulsations in Miras. For the O-rich stars 4 of the 15 semiregular variables included in the sample have large amplitudes (∆Hp > 1.5 mag, where Hp is the broadband visual mag measured by Hipparcos) and it is probably only these 4, T Ari, T Cen, W Hya and TV And, that we should include with the Miras in the parallax analysis. For the C-rich stars it is actually very difficult to distinguish between Miras and non Miras (see also Whitelock et al. 2006) .
The infrared and associated data used in the following analysis are listed in the Appendix (Table A3) , which also includes all details which differ from Paper I. suggested that the SP-reds were more luminous, at a given period, than the SP-blues. Most critically a kinematic analysis indicated that the SP-reds were younger than the SP-blues which were more akin to the Globular Cluster Miras and a natural extrapolation of the Miras with P > 225 d to shorter periods.
ANALYSIS OF HIPPARCOS DATA
We follow the same procedure as in Paper I and the details are not repeated here, but it is useful to give the formulae which differ slightly due to the reformulation of the PL(K) relation described in section 2. We assume throughout that the the slope derived above from the O-rich LMC Miras will be the same for the Galaxy. Thus equation 1 with, ρ = −3.51 ± 0.20, is solved for δ, as previously, in the form:
where π is the parallax in milliarcsec (mas) and K0 is the mean K mag corrected for interstellar extinction (see Appendix) . The right hand side of equation 2 is weighted by the following expression:
where
with σπ the error on the parallax as quoted in the revised Hipparcos catalogue, π P L(K) the photometric parallax derived from the PL(K) relation, σ P L(K) the standard deviation from the PL(K) relation (0.14 and 0.15 for the Oand C-rich stars respectively, see Table 2 ), and σK is the uncertainty associated with individual K0 mags. The latter term is evaluated as follows: σK = 0.3∆K/ √ N (where N observations were used to derive the mean K0). For further details refer to Paper I.
Due to uncertainties in the adopted slope, the error in a predicted absolute magnitude at any log P is, in the case of the O-Mira solution of Table 2 :
and similar relations apply in other cases. R Leo has a parallax measured by the Allegheny Observatory at π = 8.3 ± 1.0 mas (Gatewood 1992) . For the analysis this is combined with the Hipparcos value, π = 14.03 ± 2.65, to give π = 9.01 ± 1.42.
Zero-point from the Hipparcos parallaxes

O-rich stars
The first part of Table 3 lists various values of δ, from equation (2) [weighted according to equations (3) and (4)], derived from different subgroups of the Hipparcos data. In examining these results it is crucial to remember that most of the weight resides with a small number of stars.
Solution 1 shows the result of using all of the O-rich stars for completeness and comparison with Paper I, although it is quite clear that this is not a useful solution as there are stars included in the full group that are not large amplitude variables and which certainly lie on one of the PL(K)s relations above the one for Miras (see also Glass & van Leeuwen 2007) . W Cyg is the most obvious example and solution 2 shows the effect of leaving it out. In fact solution 2 is very close to the best solution we obtain.
Solutions 3 and 4 are for large amplitude variables and Mira variables respectively; the results are very similar as might be expected.
Solutions 5 to 8 show the results of separating out the SP-red and SP-blue stars (see Section 3.1). In fact there is no evidence here for a significant difference between the groups, provided that W Cyg is omitted, with the revised Hipparcos data.
Solution 9 omits the small amplitude variables and the SP-red stars and can be compared with β = 0.84 ± 0.14 (δ ∼ −7.51 for a slightly different slope for the PL(K) relation), the solution of choice from Paper I. Solution 10 rejects the low amplitude non-Miras and takes only the 42 stars with weight > 1.3 × 10 3 . If we were to decide that the SP-reds should be included, despite their kinematic differences from the SP-blues, then this solution, with its marginally smaller error, might be preferred, but it makes very little practical difference.
Solutions 11 and 12 show that much the same value of δ is derived from the longer period stars alone. It is important to note there is thus no reason to suspect that they are brighter or fainter than their short period counterparts (see also sections 5.1.1 and 5.1.2).
Solution 13 was derived in a different way and is discussed below (section 4.1.3).
C-rich stars
Solutions 14 to 24 apply to subsets of the data for C-rich stars. We note again that it is difficult to distinguish between Mira and non-Mira C-stars and that the amplitudes of the Crich stars are on average distinctly lower than those of their O-rich counterparts. As in Paper I we note that WZ Cas and WX Cyg are lithium rich and therefore likely to differ from other stars in the sample. WZ Cas has a high weight and is clearly more luminous than the bulk of the sample. WX Cyg makes little difference, but we leave both stars out for most of the solutions (17 to 24).
The errors are high and it is difficult to deduce much about the sub-groupings of C stars. The non-Miras may have These various solutions indicate that within the errors the C-and O-rich stars obey the same PL relation at K, which is consistent with earlier findings from the LMC (section 2 and Feast et al. 1989 ).
Individual stars with low uncertainty
As an alternative approach, because there are a few stars with good signal-to-noise ratios, we selected stars with positive Hipparcos parallaxes for which σπ/π < 0.16 (Table 4) . These are the same stars which dominate the various solutions discussed in section 4.1.1, as the 8 stars involved have 62 percent of the weight of the complete sample of 199 O-rich stars. There are no C-stars with σπ/π < 0.16. The 8 include 3 non-Mira variables, W Cyg, L2 Pup and W Hya, of which only the latter is a large amplitude variable. In view of the fact that these stars were selected on the basis of their σπ/π ratio a Lutz-Kelker correction has been applied to their apparent magnitudes. This is evaluated (on the model used by Benedict et al. (2007) ) as:
and it makes them up to 0.2 mag brighter than they would otherwise be. The corrections are listed in Table 4 . These stars are shown in the PL(K) diagram, Fig. 2 , where they are compared with the stars discussed below. The PL(K) relation zero point derived from the six stars W Hya, R Hya, R Cas, R Car, o Cet and R Leo, δ = −7.11 ± 0.17, is listed as solution 13 in Table 3 . Note that the two low amplitude semi-regulars, W Cyg and L2 Pup, which have σπ/π < 0.16 and are shown in the figure are omitted from this solution for consistency.
OTHER MIRAS WITH ACCURATE DISTANCES
Miras with VLBI parallaxes
Parallaxes for the OH and H2O masers associated with Miras promise to provide accurate distances for significant numbers of AGB stars. These techniques will be particularly important in establishing the distances to stars with high mass-loss rates, for which circumstellar extinction makes optical measurements extremely difficult.
Miras with OH parallaxes
Vlemmings et al. (2003) and Vlemmings & van Langevelde (2007) have published the results of astrometry for 5 stars, which are listed in Table 5 together with mean K mags from SAAO photometry or the literature after correcting for interstellar extinctions determined as described in the Appendix. The Hipparcos and VLBI parallaxes agree within the quoted uncertainties.
The parallaxes of these 5 OH Masers, alone, give a zeropoint for the PL(K) relation of δ = −7.08 ± 0.17. As Vlemmings & van Langevelde (2007) pointed out, the results for U Her seem to be different from the others, but taken with the Hipparcos results the difference is not obviously significant.
van Langevelde, van der Heiden & van Schooneveld (1990) measured phase-lag distances to more than 12 OH/IR sources (essentially Miras with high mass-loss rates and therefore thick dust shells). The K magnitudes of these stars experience significant circumstellar extinction and they can- (Table 4 ) and the triangles represent VLBI parallaxes (Table 5 ). The line is for M K = −3.51[log P − 2.38] − 7.25.
not therefore easily be presented in a PL(K) relation. Their position in a PL(M bol ) relation was discussed by Whitelock, Feast & Catchpole (1991 their fig. 10 ) from which they appear to be consistent with the PL(M bol ) relation extrapolated from shorter periods. Phase-lag distances might still prove useful for the longest period objects although it will be difficult to bring the errors down so that they can compete with VLBI parallaxes. Kurayama, Sasao & Kobayashi (2005) published an accurate H2O maser parallax for UX Cyg which is given in Table 5 and illustrated in Fig. 2 . It lies distinctly above the Mira PL(K) relation. This may indicate that it is an overtone pulsator and that it therefore lies on one of the other periodluminosity relations discussed by Wood (2000) , although it has a longer period than any of the LMC stars on those sequences. The stars that define the other PL(K) relations are low amplitude semi-regular variables, and it would be surprising to find a star like UX Cyg in this position. However, the PL(K) sequences were defined for stars in the Magellanic Clouds, all of which are at the same distance, and very little is actually know about the distances of stars with periods significantly longer than 400 days in the Galaxy (except close the the Galactic Centre, where interstellar extinction is very high and patchy). Note that solution 12 (Table 3) for the 21 Hipparcos stars with P 400 days gives a zero-point completely consistent with them lying on the same PL(K) relation as the shorter period objects.
Mira with H2O parallax
The alternative explanation is that UX Cyg is more luminous than those on the PL(K) relation as a result of hot bottom burning (HBB), and is therefore akin to the luminous Magellanic Cloud Miras discussed by Whitelock et al. (2003) . This could be confirmed by the detection of abundance anomalies associate with HBB, which include a measurable lithium content. Note that the long period O-rich LMC Miras that Whitelock et al. (2003) thought lay close to the extrapolated bolometric PL relation, would actually lie below a PL(K) relation because the significant circumstellar reddening would effect their apparent K luminosities.
UX Cyg is not included in evaluating the mean PL(K) relation zero-point below. Feast et al. (2002) discussed the PL relation for globular cluster Miras, using a distance scale based on Hipparcos parallaxes for subdwarfs (from Carretta et al. (2000) who estimate the total uncertainty at ±0.12 mag). Re-analysing those data using equation 1 with ρ = −3.51 ± 0.20 we find a PL(K) relation zero-point of δ = −7.34 ± 0.04 (internal error), or δ = −7.34 ± 0.13 allowing for the uncertainty in the cluster scale. The points for the individual Miras are illustrated in Fig. 2 .
Globular Clusters
The Galactic Bulge
Glass et al. (1995) discussed long period variables in the Sgr I window of the Galactic Bulge and derived a similar slope for the PL(K) relation to the one found here (section 2) for the LMC. Re-analysing these, as above, gives δ + (m − M )GC = 7.40±0.05. Using the Eisenhauer et al. (2005) distance to the centre, with the relativistic correction suggested by Zucker et al. (2006) , gives (m − M )GC = 14.44 ± 0.09, and provides a zero-point of δ = −7.04 ± 0.11 for these Galactic Bulge Miras. The similarity of this to the other values found here suggests that any abundance effects on the PL(K) relation zero-point must be small.
In the conclusion below we do not average this Bulge distance along with the other values to get a mean zero-point for the Galaxy. If we did so the agreement of the Galactic Vlemmings et al. (2003) ; K05 Kurayama et al. (2005) .
mean with the LMC would be even closer. However, there are systematic uncertainties associated with the Bulge (including its shape and structure) that suggest it should not be treated in the same way.
CONCLUSIONS
In Paper I (section 2.2) we noted a caveat with regard to temporal changes in the light distribution across the stellar disk as problematic for the interpretation of the parallaxes. This is particularly so because the angular diameters of the Miras are two or three times larger than their parallaxes. More recent work (e.g. Ragland et al. 2006; Woodruff et al. 2008) confirms that the diameters are large, variable and non-uniform. These same references further highlight the disagreement between observation and theory, emphasizing our very limited understanding of the atmospheres of these stars or their variations. This is clearly a real problem, but the agreement on the distance scale achieved by the different methods summarized above may indicate that the net effect is small. As noted, the various results discussed above are in good agreement with each other. UX Cyg, is brighter than we would expect from the PL(K) relation and this may be because of hot bottom burning. We take a simple mean of solutions 10, 25, 26 from Table 3 , to set a mean value of δ = −7.25 ± 0.07 for the O-rich Mira variables in the Galaxy. This is in reasonable agreement with the LMC value of δ = −7.15 ± 0.06. Solution 24, for the C-rich Miras, of δ = −7.18 ± 0.37 is in agreement with the above result for O-rich Miras and with the LMC value for C-stars of δ = −7.24±0.07 This supports an identical PL(K) relation for O-and C-rich variables.
The O-rich result represents the best value for large amplitude variables, but it should be used with caution on stars with periods in excess of 400 days. The H2O parallaxes offer the most likely significant improvement in this result in the near future.
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APPENDIX: INFRARED PHOTOMETRY AND BASIC DATA
The infrared K magnitudes used here are largely those used in Paper I, with updates where significant quantities of new data are available. New infrared photometry has been obtained from SAAO for 10 stars: W Psc, WW Vel, RT Crt, S CrB, S Ser, BG Ser, R Ser, RU Her, T Her and W Sex. This is listed in Table A1 (the full table is available on-line) together with previously published data for the same stars. Six of these stars have sufficient data to derive periods (more than 9 observations) and their light curves are illustrated in Fig. A1 . A description of the photometer, telescope etc. was given in .
Interstellar Extinction
The interstellar extinction corrections used here are derived in a different way from those used in Paper I. A first estimate is made of the distance to the Mira assuming no interstellar extinction and equation 1 of section 2 with ρ = −3.51 ± 0.20 and δ = −7.25. The extinction is then estimated using the Drimmel et al. (2003) three dimensional Galactic extinction model, including the rescaling factors that correct the dust column density to account for small scale structure seen in the DIRBE data, but not described explicitly by the model. The measured mean K mag is then corrected for extinction following the reddening law given by Glass (1999) and the procedure iterated; two iterations usually suffice.
This procedure gives significantly different, in many cases larger, extinctions for individual stars from the statistical method applied by Whitelock, Marang & Feast (2000) and used in Paper I. The biggest difference among the O-rich stars is for UX Oph which has AV ∼ 1.51 mag according to the method used here, in contrast to the AV ∼ 0.23 mag used in Paper I. Nevertheless, the net effect on the derived zero-point is negligible, first because the reddening at K is low, and secondly, because the stars with the highest weight are the closest and have the least reddening.
Pulsation periods and amplitudes
Pulsation periods, PK , and peak-to-peak amplitudes, ∆K, were derived for the stars with 9 or more SAAO observations. These are listed in Table A2 along with Fourier mean magnitudes, JHKL, for all of the stars with new observations (see also Fig. A1 ).
In general we use the pulsation periods tabulated in the General Catalogue of Variable Stars (GCVS, Kholopov et al. 1985) for the parallax analysis, as these are usually based on large data sets. However, noted the very significant difference between the GCVS and Hipparcos periods for RT Crt, WW Vel and W Sex (their fig. 1 ). We now have sufficient infrared data to be confident that the Hipparcos periods are correct for RT Crt and WW Vel. W Sex is a low amplitude variable C-star and its period is not well determined from the IR observations although the Hipparcos value of 200 d seems better than the 134 d GCVS value. We therefore use the Hipparcos values for all three stars in the parallax analysis, in preference to the GCVS values (see also Fig. A1 ).
Note that although the period derived from the infrared data, PK , for S Ser, 230 days, is significantly different from the 372 days given in the GCVS (Hipparcos derived 376) , we use the GCVS value in the analysis as there are insufficient IR data to be confident in any period derived from them. Note also that although BG Ser is classified as a Mira, its amplitude, ∆K = 0.31 is low and more typical of a semi-regular variable. The values used in the analysis are listed in Table A3 . Table A3 contains the material used in, and derived from, the analysis related to the infrared magnitudes. The columns are as follows:
The Data
(1) the GCVS variable star name; (2) the Hipparcos catalogue number; (3) the variability type: Mostly Mira (M) or semi-regular (SR) variables, with two slow irregulars (L or LB) among the C-stars; (4) P, the period used in the analysis, which is generally that tabulated in the GCVS (see section 6.2 for RT Crt, WW Vel and W Sex); (5) ∆Hp, the peak-to-peak amplitude of the variations in the Hipparcos mag; stars with large amplitudes, i.e., ∆Hp > 1.5 mag (O-rich) or ∆Hp > 1.0 mag (C-rich), are considered to be very similar to the Miras for most purposes; (6) K, the mean K mag, before correcting for interstellar extinction; (7) the number of observations used to derive the mean K in column (6) -where there are 9 or more observations the value will probably be close to the true mean (see below for more details of the non-SAAO photometry); (8) AV , the interstellar extinction at V (see above), but note that this depends on the distance and the reddening should be regarded as a lower limit if it is uncertain that the star lies on the Mira PL(K) relation, i.e. if there is no entry in the "dist" column (because almost all of the non-Mira variables lie on PL(K) relations above the Mira one); (9) dist, the distance in kpc derived from equation 1, with ρ = −3.51 ± 0.20 and δ = −7.25 (the identical relation was used for O-and C-rich stars), dist is not given for stars which do not, or may not, lie on the Mira PL(K) relation, i.e. low amplitude variables.
Where there were more than 5 observations contributing to the mean K mag listed by , or new SAAO photometry, these values were used. Otherwise K mags were taken from the literature and particularly from the compilation by Gezari, Pitts & Schmitz (1999) . The following references which were not cited by Gezari et al., or which are more recent, were also used: 2MASS (Cutri et al. 2003) , DIRBE (Smith, Price & Baker 2004) , Noguchi et al. (1981) , Taranova & Shenavrin (2004) , Chen et al. (1984) , Gao, Chen & Zhang (1985) , Kerschbaum, Lebzelter & Lazaro (2001) , Sun & Zhang (1998 ), Chen et al. (1988 1 , Le Bertre et al. (2003) .
Where necessary and practical observations from the literature were transformed to the SAAO system (e.g. Carter 1990 , Carpenter 2001 . Most of the stars discussed here were sufficiently bright to be saturated in 2MASS and are quoted in the catalogue (Cutri et al. 2003 ) with large errors, these values were only used where little else was available. While Figure A1 . Light-curves for Mira variables with new photometry and observations on at least 10 epochs. These are plotted at arbitrary phase and each point is shown twice to emphasize the periodicity. The name, Hipparcos number, type of variability (M or SR) and period at which the data are phased, is given on each plot.
there should be no problem with saturation of the DIRBE photometry (Smith et al. 2004) , there is some risk of confusion with other sources in the large aperture. More importantly there is very little information available on the calibration or transformation for the DIRBE system; following Beverly Smith (2007 private communication) we assume that a K = 0 mag star has a flux of 630 Jy. Although the DIRBE photometry was integrated over a period of days or weeks, a DIRBE K mag was only given the same weight as any other measurement when the mean was established for Table A3 . 
